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Summary 


The rate of seasoning of gas-filled and vacuum tungsten lamps is 
consistent with the view that recrystallisation of the tungsten filament is the 
main process involved. The changes during seasoning indicate a decrease 
in emissivity of the filament which is largely non-selective with regard to 
wave-length. Seasoning at a relatively low colour temperature almost 
completely stabilises standard lamps for operation at higher temperatures, 
and has the advantages of producing less blackening on the envelope and 
expending less of the useful life of the lamp. 


(1) Introduction 


incandescent lamps intended for use as photometric sub-standards must first be 
“seasoned,” that is, operated until they cease to vary rapidly. The literature contains 
very little quantitative information about processes which occur during this initial 
period, and hence there is some doubt whether the practice of seasoning lamps at 
approximately the filament temperature to be used in subsequent operation is the best. 
It is important to adopt a method of seasoning which keeps blackening of the lamp 
envelope to a minimum and saves unnecessary expenditure of the lamp’s life. Since 
the rate of evaporation of the filament, and hence the blackening of the envelope, 
increases rapidly with filament temperature, it might be advantageous to season standard 
lamps at relatively low colour temperatures. This procedure has been followed by 
de Vos(!) and Dresler(2), who observed that gas-filled lamps can be seasoned at colour 
temperatures as low as 2,200 deg. K to 2,300 deg. K. We have further investigated the 
method by seasoning lamps at various colour temperatures and examining the effects 
of seasoning lamps at voltages well below the rated values. 

Judd(?) has shown that the colour temperature of 400-watt projector lamps seasoned 
at constant, near rated voltage rises about 100 deg. K in the first hour, approximately 
half of the rise occurring in the initial three minutes, and ascribed the effect to an in- 
crease within the visible spectrum of the spectral emissivity of short-wave radiation 
relative to that of long wave. Contrary to Judd’s expectation, this rise is accompanied 
by a | per cent. decrease in current. After this seasoning period the colour temperature 
gradually decreases. Judd attributed this behaviour after seasoning largely to the 
accumulation of a brown deposit on the bulb, though he found that the effect of this 
deposit alone would be a decrease in colour temperature greater than that actually 
observed. 

De Vos has considered changes in the emissive properties of filaments due to 
recrystallisation of the tungsten during seasoning. Since recrystallisation roughens 
filament surfaces when the filaments are heated on direct current, he predicted that 
the emissivity would increase and that, for lamps operated at constant wattage, a de- 
crease in luminous efficiency and colour temperature must result. De Vos found that 
A.C. heating of filaments did not roughen the surfaces as much, and hence expected 
A.C. seasoning to affect the emissive properties somewhat differently. 

The purpose of the present investigation was to examine photometrically the 
various changes which take place in lamps during seasoning, in order to deduce any 
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Fig. 1. (a) A 100-volt, 500-watt, gas- 
filled, colour temperature  sub- 
standard lamp. 

(b) A 100-volt, 60-watt vacuum, 
colour temperature sub-standard 
lamp. 














(a) 


general conclusions or principles concerning the best methods for seasoning standard 
lamps. 
(2) Experimental Results 


In this investigation most attention was paid to lamps which were specially supplied 
for use as colour temperature sub-standards. These are of two types, 

(a) 100-volt, 500-watt gas-filled lamps with monoplane grid, single-coil filaments 
and large envelopes (Fig. la), and 

(b) 100-volt, 60-watt vacuum lamps with cage filaments (Fig. 1b). 

It is the usual procedure to season lamps at constant voltage, but in these experi- 
ments it was more convenient to maintain constant colour temperature, using a physical 
photometer designed by one of the authors by which colour temperatures may be 
compared to a precision of the order of 2 deg. K. Groups of three gas-filled lamps 
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PERIOD OF SEASONING, 


HOURS 


Fig. 2. The voltage and current shown as a function of time, for gas-filled lamps seasoned 
at various constant colour temperatures. For each temperature, the voltage and current are 
plotted as percentages of their values at the end of the seasoning period. 
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Fig. 3. The voltage and current shown as a function of time, for vacuum lamps seasoned 
at various constant colour temperatures. For each temperature the voltage and current are 
plotted as percentages of their values at the end of the seasoning period. 


were seasoned on alternating current at constant colour temperatures of 2,400 deg. K, 
2,700 deg. K and 3,000 deg. K respectively; three other lamps were run at 2,100 deg. K, 
two for 50 hours and the third for 114 hours. Groups of three vacuum lamps were 
seasoned at colour temperatures of 1,800 deg. K, 2,100 deg. K and 2,360 deg. K re- 
spectively. The physical photometer enabled appropriate adjustments to the lamp 
voltage to be made though, except during an initial period of about one half-hour, 
adjustments were only applied intermittently. During this initial half-hour and on 
several subsequent occasions the direct current and voltage required for a given colour 
temperature were recorded. Figs. 2 and 3 show the results for the various groups of 
gas-filled and vacuum lamps, each curve representing mean values for a group of lamps. 
The 2,100 deg. K curves in Fig. 2 refer only to the lamp seasoned for 114 hours. Lamps 
within any one group showed very similar behaviour. It is apparent that with each 
type of lamp the filament resistance has decreased by 1 or 2 per cent. during the 
seasoning process. 

In Fig. 4, the relative power input necessary to maintain each gas-filled lamp at 
constant colour temperature is shown as a function of period of seasoning. The power 
shows a rapid initial decrease, the rate of fall being greater the higher the temperature. 
As expected, the lamps at higher temperatures become stable before those at lower 
temperatures. However, the total drop in power consumption, amounting to 12-14 per 
cent., is to a first approximation independent of the temperature, suggesting that the final 
state of the filament is not very dependent on the seasoning temperature (that is, on 
the rate of seasoning). 

Very similar results were obtained for the vacuum lamps though the total power 
decrease for each of these was of the order of 20-30 per cent. of the final power con- 
sumption. 

The luminous outputs of one gas-filled lamp seasoned at 2,700 deg. K and one 
vacuum lamp seasoned at 2,360 deg. K were also measured during the first half-hour 
of direct current operation. For these lamps the luminous output plotted against the 
power consumption is shown in Fig. 5; it is seen that the luminous output decreased 
at approximately the same rate as the power input. A thermopile was used to check 
that the total radiation output decreased at the same rate as the power consumption. 

Other types of lamps were seasoned on direct-current for half an hour in order 
to determine whether they behaved in the same way as the standard lamps. General 
service lamps (three types), projection lamps (two types), vacuum rough service lamps 
(two types), floodlights (one type) and aircraft lamps (one type) were found to behave 
similarly to the standard lamps. Fig. 6 shows typical changes of the power input, 
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PERIOD OF SEASONING, HOURS 
Fig. 4. The power consumption of gas-filled lamps, seasoned at various constant colour 
temperatures, plotted as a function of time. For each temperature the power is expressed 
as a percentage of its value at the end of the seasoning period. 


luminous output and filament current for a lamp maintained at constant colour tempera- 
ture. As for the standard lamps, the luminous output and power input decreased at 
approximately the same rate. All these lamps would have shown a rapid increase in 
colour temperature if they had been seasoned at constant voltage, and hence their 
behaviour agrees with Judd’s observations. However, no variations due to seasoning 
were observed in a number of 6-volt, 18-amp strip lamps. Seasoned strip lamps take 
about half an hour of burning to attain temperature equilibrium, and hence any effects 
of seasoning during this first half-hour of burning would have been very difficult to 
detect. 


(3) Discussion 


It is well known(!. 4) that an important process during seasoning is the recrystalli- 
sation of the tungsten filament. If x is the fractional volume of the tungsten which 
recrystallises during time t with the filament held at an absolute temperature T, then(°): 


1 A 
log ori ct exp (— RF? 


where c is a constant for any given filament, 
A is the energy of activation, and 
R is the gas constant. 
Hence the time required for a fraction x of the tungsten to recrystallise is given by : 


A 
log t k + RT 
the value of k depending only on x and c. 

In Fig. 7, the values of log t corresponding to power consumptions 109 per cent., 
104 per cent. and 101 per cent. of Fig. 4 (gas-filled lamps) are plotted as a function 
of 1/T. The curves approximate to parallel straight lines, showing that the rates of 
decrease of the power consumption are consistent with a process of recrystallisation. 
The energy of activation A found from the slope of these lines is 42,000 calories/mole, 
and for the vacuum lamps is 60,000 calories/mole. Activation energies calculated by 
Miiller(®) for the different directions on the crystallographic planes of a tungsten single 
crystal range from 32,600 to 112,000 calories/mole. De Vos has measured the activa- 
tion energy for surface migration on the (112) planes of tungsten wires, and obtained 
a value 40,000 calories/mole. The values derived photometrically lie within the range 
calculated by Miiller, and agree in order of magnitude with de Vos’ experimental 
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0 value. The observed decrease in filament resistance is also consistent with a re- 
crystallisation process(* 7). 

The observed decrease in luminous and total radiation during seasoning must be 
mainly due to the following possible causes :— 
i- (a) a change in true temperature of the filament, 
h (b) a change in the emissivity of the tungsten. 
e Absorption of the radiation by tungsten deposits on the bulb accounts for only a small 
fraction of the total decrease, and is completely negligible when only the first half-hour 
of seasoning is considered (Figs. 5 and 6). 

A change in true temperature of the filament would change the colour temperature 
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and also cause approximately twice as large a variation in luminous output as in total 
radiation; but in this investigation the colour temperature has been maintained constant, 
and it has been seen (Figs. 5 and 6) that the luminous and total radiation decreased at 
approximately equal rates. Therefore cause (a) by itself cannot explain the observa- 
tions. However, cause (b) by itself is consistent with the observations, provided that 
the change in emissivity is a decrease which is non-selective with regard to wave- 
length. Such a change would not alter the colour temperature but cause the total and 
luminous radiation to decrease at equal rates. Slight selectivity accompanied by small 
changes in true temperature is necessary to explain cases where the rates of decrease 
are not exactly equal. From this discussion it is inferred that during seasoning there 
occurs a decrease in emissivity which is largely non-selective with regard to wave- 
length. This inference is in disagreement with the increase in emissivity predicted by 
de Vos, who claims support from Judd’s observations; however, the rapid rise in colour 
temperature which Judd found during the first hour of burning at constant voltage is 
consistent with a decrease in emissivity which causes the filament temperature to rise 
and hence the current to fall. Since Judd’s lamps were seasoned at colour temperatures 
of the order of 3,100 deg. K, recrystallisation would have been almost complete before 
the gradual decrease in colour temperature began. However, the final stages of re- 
crystallisation would tend to increase the colour temperature further, and this explains 
why Judd found the effect of the brown deposit on the bulb to be a decrease in colour 
temperature greater than that actually observed. In order to test this interpretation 
further, various lamps have been seasoned with direct current and at constant wattage. 
Typical variations during the first half-hour are shown in Fig. 8. The increase in 
luminous output and colour temperature are consistent with a decrease in emissivity 
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which causes a rise in filament temperature, and hence an increase in both colour 
temperature and luminous output. The reduction in emissivity is presumably due to 
changes in the surface films which are inevitably present on tungsten filaments, it being 
well known that such films influence the optical properties of all metals. 

The opacity of the brownish deposit on the envelopes after seasoning is generally 
not uniform but is greater the higher the temperature used, no deposit being apparent 
to the naked eye in the lamps seasoned at 2,100 deg. K. Spectral transmittance curves 
for the envelopes showed that in the case of lamps seasoned at 3,000 deg. K the deposit 
lowered the colour temperature by 2 or 3 K deg. and the luminous output by almost 
1 per cent. Since the rate of evaporation of tungsten varies approximately as the 
thirtieth or higher power of the filament temperature (8. 9. 1), the larger deposits of 
tungsten during seasoning at the higher temperatures are to be expected. Hence it is 
advisable to season lamps at reasonably low colour temperatures, this procedure having 
the additional advantage of expending less of the lamp’s life. 

In order to ascertain whether lamps seasoned at one colour temperature remain 
stable during operation at a very different colour temperature, several of the seasoned 
lamps have been run at new temperatures and their stability examined. Table 1 
summarises the results. The degree of stability achieved during initial seasoning is 
represented in the third column by the hourly voltage adjustment necessary to maintain 
constant colour temperature, and the last column gives similar data for each lamp 
maintained at the new colour temperature. As expected, a lamp whose colour 
temperature is reduced does not lose stability. Although the rate of change of voltage 
increases slightly when a lamp is transferred to a higher colour temperature, initial 
seasoning at a lower temperature can almost completely stabilise the lamp for a higher 
one. This is apparent when the last column of Table 1 is compared with Table 2, 
which gives the average voltage drop for each group of gas-filled lamps during the 
first hour of the initial seasoning. For example, the voltage on unseasoned lamps 
fell by over 4 volts in the first hour at a colour temperature of 3,000 deg. K, whereas 
a pre-seasoning at 2,100 deg. K reduced this rate of fall to the order of 0.03 volts per 
hour. 

Similar experiments with the vacuum lamps showed that lamps seasoned at colour 
temperatures of 1,800 deg. K and 2,100 deg. K were adequately stable (0.02 volts per 
hour) when transferred to 2,360 deg. K. 
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Table 1 
The stability reached on seasoning gas-filled tungsten lamps 
at various colour temperatures, and the extent to which this 
stability is retained after transfer to a different temperature. 





























T Bane Period Volts New Volts 
durin of change/hour Colour change/hour 
Senent =A Seasoning after Temperature at new 
(Deg. K) (hours) Seasoning (Deg. K) CT. 
2100 50 —0.01 2400 <0.01 
2100 50 <0.01 3000 —-0.02 
2100 114 <0.005 3000 — 0.03 
2400 75 <0.01 2700 <0.01 
2400 75 <0.01 3000 <0.01 
2400 75 <0.01 3000 — 0.04 
2700 50 <0.01 3000 — 0.02 
3000 50 <0.005 2100 <0.005 
Table 2 


The decrease in voltage necessary to maintain 100-volt 500-watt gas- 
filled tungsten lamps at constant colour temperature during the 
first hour of seasoning, shown for various colour temperatures 








Colour Temperature Decrease in Volts durin 
me haa First Hour of ac 
2100 0.5 | 
2400 1.3 
2700 2.5 
3000 4.3 














(4) Conclusions 


1. Tungsten incandescent lamps can be well-seasoned at colour temperatures as 
low as 2,100 deg. K for gas-filled lamps and 1,800 deg. K for vacuum lamps. The times 
necessary for seasoning at high and at low temperatures are consistent with the view 
that recrystallisation of the tungsten is the principal process involved. 

2. During the seasoning process the emissivity of the tungsten changes. This 
change is inferred to be a decrease which is largely non-selective with regard to wave- 
length. 

3. Blackening of the glass envelope may be kept to a minimum by seasoning the 
lamp at a relatively low colour temperature, a procedure which saves unnecessary ex- 
penditure of the lamp’s life. 

4. Application of an excess voltage to a colour temperature sub-standard does 
not necessitate re-calibration of the lamp unless the period of application is several 
hours. 
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Contributed Discussion 

Dr. DEANE B. Jupp (National Bureau of Standards, Washington, D.C.): The 
authors are to be congratulated for a clearly written report of a well planned and 
executed study of the seasoning process in tungsten-filament lamps. The practical 
conclusion from this study that there may be a slight advantage in seasoning lamps for 
colour-temperature standards for long periods at low colour temperatures instead of 
short periods at high colour temperatures impresses me as relatively unimportant in 
view of the long life of such standards. 

What makes this paper particularly interesting to me is the insight it may provide 
as to what actually goes on during the seasoning process. My own tentative view 
has been that during seasoning the tungsten surface changes from a relatively rough 
surface produced by swaging to a relatively smooth surface consisting of small crystals 
growing mainly in the pits of the originally rough surface. Such a change in surface 
character would be accompanied by a decrease in emissivity more pronounced for 
long-wave than for short-wave energy, and this, I thought, accounted for the rise in 
colour temperature observed during seasoning at constant voltage. It must be ad- 
mitted, however, as the authors point out, that a decrease in emissivity must cause a 
rise in the true temperature of the filament with a resulting rise in electrical resistance. 
Incidentally this explains the 1 per cent. decline in current observed in gas-filled lamps 
during seasoning at constant voltage. Now a 1 per cent. decline in current at constant 
voltage implies a 1 per cent. increase in resistance of the filament, which, in turn, implies 
a rise in true temperature of the filament by about 25 deg. These considerations 
suggest that the rise in colour temperature that I observed for gas-filled lamps during 
seasoning at constant voltage should be ascribed to a combination of rise in true 
temperature and change in the slope of the spectral emissivity curve. 

The view of the authors that during the seasoning process the emissivity of the 
filament suffers a decline that is largely non-selective is close to this view, but not 
identical to it. The essential non-selectivity of the change is inferred by the authors 
from the close proportionality between luminous output and power input observed 
by them during seasoning at constant colour temperature (Figs. 5 and 6). It seems to 
me that this inference is not wholly definitive. If, by keeping colour temperature 
constant during the seasoning process, they have succeeded in holding constant the 
shape of the spectral-emittance curve, the ratio of luminous output to radiant output 
would also necessarily remain constant, regardless of whether true temperature, itself, 
remained constant, as well as colour temperature. 


Mr. D. CRICHTON and Mr. W. HARRISON (Siemens Lamp Research Laboratories, 
Preston): Seasoning at lower than the normal working temperature is particularly 
useful in the case of lamps subject to relatively rapid blackening, such as automobile 
lamps where the blackening is due to the use of a small bulb or projector lamps where 
it is due to high operating temperature. In our experience the gradual blackening of 
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the bulb in normal use necessitates the fairly frequent recalibration of these types of 
standard lamp. On the other hand, there appears to be little disadvantage in seasoning 
lamps of the general service class at normal voltage and these lamps maintain their 
calibration excellently. We have found that a good general rule is to season lamps 
at the voltage which would give 1,000 hours’ life. 

It would have been very surprising if the relationship shown in Fig. 5 between 
power input and luminous output had not been linear. It is to be expected that the 
ratio of colour temperature to luminous efficiency will remain constant well beyond 
the seasoning period until the measurements are affected by bulb-darkening. In fact, 
over a range of gas-filled lamps of different sizes, the variation in luminous efficiency at 
a given colour temperature is quite small. 


Mr. M. G. CLarRKE (Research Laboratory, B.T.H. Co., Rugby): The authors have 
done a useful investigation in a subject on which there was little authoritative know- 
ledge. Regarding the differences in behaviour of vacuum and gas-filled lamps, it seems 
that some explanation of the greater power decrease during ageing of the vacuum lamps 
may be afforded by the fact that approximately 98 per cent. of the input power is 
radiated from the filament in this case whereas with gas-filled lamps the total radiation 
from the filament is about 75 per cent. It is assumed for a first approximation that the 
gas loss is constant for a constant colour temperature. 

However, this does not explain the total amount of difference quoted as 20-30 per 
cent. power decrease for vacuum against 12-14 per cent. for gas-filled lamps. Is not the 
further unexplained difference evidence for some change in the selective emissivity 
of the tungsten during seasoning ? 


Tue AUTHORS (in reply): We certainly agree with Dr. Judd’s final point, although, 
if the change in emissivity of the filament during seasoning is not a non-selective de- 
crease, the observations can only be explained by a fortuitous combination of changes 
in the factors involved. 

In discussing his work on seasoning at constant voltage, Dr. Judd states that a 1 per 
cent. increase in resistance of the filament implies a rise in true temperature of the 
filament by about 25 deg. However, the temperature rise must have been sufficient 
not only to cause this 1 per cent. rise in filament resistance, but also to off-set the 
decrease in the resistivity of the tungsten which, as we have mentioned above, is a well- 
known feature of the recrystallisation process (see references 4 and 7) and can amount 
to several per cent. Hence a 1 per cent. increase in filament resistance during seasoning 
implies a temperature rise considerably greater than 25 deg. We consider that Dr. 
Judd’s results are not inconsistent with our view of the seasoning process. 

We agree with Mr. Crichton and Mr. Harrison that it is not surprising that the 
curves in Fig. 5 are linear, but emphasise that, as the seasoning progressed, the power 
input and luminous output decreased at almost equal rates. With seasoned lamps 
it is not possible to vary the power input without causing a much greater relative change 
in the luminous output. Great care must be taken when the characteristic equations 
for tungsten filaments are applied to unseasoned lamps. 

Mr. Clarke has raised an interesting point. We consider that, with both the 
vacuum and gas-filled lamps, the decrease in power required to maintain constant 
colour temperature is due chiefly to a decrease in the emissivity of the filament. Un- 
fortunately we do not know the composition of the filaments used in these lamps, but 
it is very likely that for each group different additives have been used to control the 
crystal growth, and that these have influenced the changes in emissivity during 
recrystallisation. 

The chief advantage of seasoning standard lamps at low colour temperatures is 
the absence of blackening. Our present procedure is to season gas-filled and vacuum 
lamps at colour temperatures of 2,400 deg. K and 2,100 deg. K respectively. 
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Transmission Measurements on Opal Materials 
By P. H. COLLINS (Member) and W. E. HARPER, B.Sc.(Eng.),Ph.D.,A.M.1.E.E.,(Member) 


Summary 


Knowledge of the transmission factors of opal diffusing materials is 
important to manufacturers of the materials and to lighting fitting designers. 
Some of the factors affecting measurement of this quantity are discussed, 
instruments for laboratory use and factory process control are described and 
their performance assessed. 


(1) Introduction 


In 1935 the Commission Internationale de l’Eclairage adopted the Ryde and 
Cooper optical constants to characterise the properties of diffusing materials with 
embedded particles(!), but for many purposes the photometric quantities transmission 
factor, reflection factor and diffusion factor are more useful. Of these the transmission 
factor is particularly valuable. This is defined(?) as the ratio of the luminous flux trans- 
mitted through a sheet of the material to the luminous flux incident on the sheet. Walsh 
has pointed out(3) that strictly speaking the term “ transmission factor” can refer ory 
to the quantity as defined and not as measured by any particular apparatus. While 
the authors agree with this contention, for convenience of expression the term is 
applied in this paper to the experimentally determined quantity. 

Different methods have been used for measuring the transmission factors of 
opal materials(*) and experience has shown that the values obtained for any given 
material can differ by considerable amounts according to the method of measurement 
adopted. Agreement on method would help not only the manufacturers of these 
materials but also the designers of lighting equipment. This paper describes two 
instruments—one for laboratory and one for factory use—and discusses their perform- 
ance when measuring white opal materials. 

Ryde and Cooper developed the theory underlying measurement of the trans- 
mission factors of opal diffusing materials, and showed how the factor depended on 
whether the incident light was parallel or diffuse and whether the surfaces of the 
specimens were matt or polished(5). One of the authors has investigated the effect 
of change in wavelength of the incident light on the photometric factors, and has also 
determined the relationship between these factors and the thickness of typical opal 
materials(§). 

Of the two systems of illumination the one using parallel light, incident normally 
on the specimen, offers better experimental accuracy and is more convenient; it was 
therefore adopted for the present tests. At the 1951 session of the C.LE. it was 
recommended “that photometric measurements on diffusing materials should be made 
either with one of the three Standard Illuminants A, B and C, or with monochromatic 
light of stated wavelength’’(7); measurements in this investigation were made with 
Standard Illuminant A. 

Three grades of opal acrylic sheet, designated 030, 040 and 028, were used as 
“rt be materials. All specimens had polished surfaces and a nominal thickness of 
125 in. 


(2) Laboratory Measurement of Transmission Factor 


Of the various methods proposed for measuring the transmission, reflection and 
absorption factors of diffusing materials, the absolute method described by Waldram(8) 
appears to offer most advantages for laboratory work. Ar apparatus similar to that 


The authors are with the Plastics Division of Imperial Chemical Industries, Ltd. The manuscript of this 
Paper was first received on June 17, 1954, and in revised form on August 17, 1954. 
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used by Waldram, but modified to give greater speed and ease of operation, has been 
developed by the authors and is shown in Figs. 1 and 2. Details relevant to the 
measurement of transmission factor only are described here, but reflection factor 
measurements also can be made when required. 


(2.1) Design of Apparatus 
(2.1.1) Sphere, Screen and Specimen Holder 

The integrating sphere is 10 in. in diameter and was formed from dense opal 
acrylic sheet. After matting the interior surface of the sphere, six coats of a gelatine- 
bound zinc oxide water paint were applied. Although this paint has slightly selective 
properties it is the most satisfactory of several paints tested. Recently Middleton and 
Sanders have reported successful trials with barium sulphate bonded with carboxy- 
methyl-cellulose(®) but this has not yet been tried in this particular apparatus. 
Theoretically, the reflection factor of the sphere paint does not affect the transmission 
factor value of the specimen, but the authors have found that changes of the order 
of 1-2 per cent. do in fact occur when the paint formulation is changed. It is presumed 
that these changes are caused by the selectivity of the paints and by slight non- 
uniformity of reflection factor over the surface of the sphere. 

A swivelling screen, rotating about the top centre of the sphere, is used, the 
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TRANSMISSION MEASUREMENTS ON OPAL MATERIALS 


dimensions of the screen being the smallest consistent with effective screening. It was 
found that quite small changes in screen size caused significant changes in the measured 
values of transmission factor. 

To reduce edge losses from the specimen to a minimum the specimen size has 
been increased from 1 in. diameter as used by Waldram to 1.5 in., the diameter 
of light spot limited to 0.5 in. and the specimen holder silver-plated. Even with these 
precautions, measurable errors due to edge losses occur with some opal materials if 
the thickness of the specimen exceeds 0.2 in. 


(2.1.2) Lamp and Projection Apparatus. 


The precision of this apparatus is largely determined by the stability of the 
lamp. A 110-volt 500-watt Class A.1 projector lamp has been used so far for this 
work, but the results suggest that a lamp of greater stability is needed if a precision 
better than + 1 per cent. is to be achieved. 

The projection system is similar to that used by Waldram and gives a spot on 
the specimen or sphere wall of 0.5 in. diameter; beam divergence is 2 deg. The optical 
components are mounted in an acrylic tube lined with a black flock cloth. Polythene 
rings machined to an outside diameter slightly greater than that of the tube are set 
in grooves cut in the tube and spaced along its length at intervals of 1 in. These 
rings act as runners for a second screening tube of larger diameter which can be 
moved forward to fit closely over a brass ring mounted on the sphere and which 
carries the specimen holder. This screening system permits measurements to be 
made in full room light. 

Colour filters can be inserted in the optical train through apertures machined 
in the inner tube. 


(2.1.3) Photometer. 


The visual photometer used by Waldram has been replaced by a photoelectric 
photometer using a potassium on silver vacuum cell constructed to ensure linearity 
of response and working in the circuit shown in Fig. 3. This circuit is based on 
that described by Preston(!°) and the whole apparatus is operated from a 10-volt 
stabilised supply. The stabiliser was specially designed for this work and limits 
the change in output voltage to + 0.003 per cent. for a change in mains voltage of 
+ 15 per cent. A precision type potentiometer is used. 

The cell views a 0.5-in diameter spot on the sphere wall and a liquid filter designed 
for this particular photocell corrects its spectral response to that of the average eye. 
The cell and amplifier are mounted in a sealed container with a drying agent; for these 
measurements it is not necessary to use a constant temperature enclosure. 











Fig. 3. Circuit of 
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42.2) Procedure 


The apparatus is allowed to stabilise for about 10 minutes after switching on. 

With the photocell diaphragm shutter closed the potentiometer is set to zero 
by adjusting the variable resistances R. Then, with no specimen in the entrance aper- 
ture and with the light spot focused on the rear wall of the sphere, the shutter is opened, 
the potentiometer adjusted to return the galvanometer to zero again and the reading 
taken. A specimen is then inserted in the specimen holder (which remains in position 
throughout), the lamp house and optical train moved backwards to bring the light 
spot into focus on the front surface of the specimen and the measurement procedure 
repeated. The ratio of the second potentiometer reading to the first gives the uncor- 
rected value of the transmission factor of the specimen. 

It is necessary to take into account the effect of the light reflected into the sphere 
from a specimen in position in the entrance aperture—light which is lost through the 
aperture when the specimen is removed. This effect erroneously increases the trans- 
mission factor by a small amount, depending on (a) the reflection factor of the material 
and (b) the relative dimensions of the sphere and specimen. For the apparatus and 
materials used in this investigation the correction factors deduced from data given by 
Buckley(!!) are: — 


Aperture 
Material. Reflection factor. correction 

per cent. 
Opal 030 0.165 —0.6 
Opal 040 0.425 —12 
Opal 028 0.680 —2.1 


(2.3) Results and Discussion of Performance 

The transmission factors of the three acrylic opals used in this work range from 
approximately 80 per cent. for Opal 030 to 25 per cent. for Opal 028. The apparatus 
is sufficiently sensitive to cope easily with this difference in value and can in fact be 
used to measure transmission factors as low as 5 per cent. 

To assess the precision of the apparatus, the transmission factors of four specimens 
of Opal 030 and Opal 040 were determined and the measurements repeated after an 
interval of several months. The differences between corresponding values, as shown 
in Table 1, lie within limits of approximately + 1 per cent., a conclusion confirmed by 
subsequent experience. As far as the authors are aware, no other method of measure- 
ment offers better precision and it is suggested that an apparatus of this type could 
be adopted generally for laboratory work. 


Table 1 


Precision of Laboratory Transmission Factor Apparatus 














Material Specimen Difference 
Number Series 1 Series 2 
Per cent. 
Opal 030 1 0.785 0.777 —1.02 
2 0.791 0.792 +0.13 
3 0.782 0.779 —0.38 
4 0.785 0.790 +0.63 
Opal 040 1 0.520 0.523 +0.58 
2 0.537 0.538 +-0.18 
3 0.529 0.528 —0.19 
4 0.528 0.527 —0.19 
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TRANSMISSION MEASUREMENTS ON OPAL MATERIALS 





(3) Routine Measurement of Transmission Factor 


While the modified Waldram apparatus is suitable for laboratory work, simpler 
and more robust equipment is required for such routine purposes as factory process 
control. Apparatus for this type of work must be stable in operation, have good 
precision and be simple and speedy to operate. 

The simplest method of measurement is one in which a photo-voltaic cell is 
illuminated directly by parallel incident light. The photo-currents are measured with 
and without the diffusing material in front of the cell and the transmission factor 
derived as the ratio of the photo-currents. Although the principle is simple, the 
method is subject to a number of errors and the effect of these was investigated before 
design of an apparatus was commenced. 

The errors are related to the characteristics of the photo-cell of which two types 
were tested—thick and thin film selenium layer cells. In addition to the errors dis- 
cussed in the following sections, others can be caused by non-linear response of the 
cell and by its fatigue. Use of the Campbell-Freeth circuit overcame the first and 
the second was found by test to be negligible. The spectral response of the cell is 
largely immaterial provided that the test materials do not alter significantly the spectral 
composition of the light; this condition will usually be satisfied by white opal materials. 


(3.1) Investigation of Possible Errors 
(3.1.1) Variation in Sensitivity of Photo-cell Surface over Area 

To avoid errors caused by light being scattered beyond the edge of the photo-cell, 
the central area only of the cell is used when making transmission factor measure- 
ments. A mask with a central aperture of suitable size is positioned in front of the 
cell at a distance just sufficient to allow the test specimen to be inserted between the 
mask and the cell. When the “open” reading is taken without the specimen this 
central area only is illuminated. With the specimen in position, however, light is 
scattered over the whole area of the photo-cell and if the sensitivity varies over the 
surface an error will result, particularly if the aperture is small. 

The surfaces of the test photo-cells were scanned across diameters using a spot 
of 0.15 in. diameter and the response curves given in Fig. 4 were derived; the change 
in sensitivity of the thin film cell suggests that a considerable error would occur if 
this cell were used for transmission factor measurements. Tests made on the cell with 
apertures of different size showed that the error was of the order of 7 per cent.; even 
with cells of good uniformity errors of 1 — 2 per cent. were present. 


(3.1.2) Variation in Sensitivity of Photo-cell with Angle of Incident Light 

If the response of the photo-cell to light of different angles of incidence is not 
uniform, then the scattering of the incident light through a wide angle when a 
diffusing material is placed in front of the cell will introduce an error additional to 
that discussed in the previous section. No practical cell has a perfectly uniform re- 
sponse, the output decreasing as the angle of incidence increases making the measured 
transmission factor less than the true value. The magnitude of this error for any given 
cell depends on the diffusion factor of the material being tested, increasing as the 
diffusion increases. The relative response of the cells.used in these tests with light 
incident at different angles is shown in Fig. 5; the resulting error in transmission factor 
is significant with both types of cell. 


(3.1.3) Reflection from Photo-cell 

Although the reflection factor of most photo-cell surfaces is low at angles of 
incidence less than 60 deg., when a diffusing material is placed in front of the cell a 
proportion of the light transmitted through the specimen undergoes multiple reflection 
between the cell and specimen, causing the measured transmission factor to be greater 
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than the true value. Buckley has suggested(!!) that this error can be corrected by using 
the formula 


i, 
Transmission factor = j-(1 — p.pm)- 
1 


where i, photo-current without specimen; 
i, photo-current with specimen; 
Po = Teflection factor of cell; 
Pm = Teflection factor of diffusing material. 

The reflection factors p, and p,,, however, vary with the angle of incidence of 
the light, making the calculation of correction factors very difficult. The order of 
probable errors was, therefore, assessed experimentally. 

For this determination two papers of different opacity were used as specimens 
to avoid errors caused by scattering of light in the body of the test material. The 


Table 2 


Effect of Cell Reflection on Apparent Transmission Factor 


lI 




















Apparent Transmission Factor 
Material Cell Without Mask | With Mask Li 
(T) (T’) 
Tracing Paper Thick Layer 0.723 0.691 0.96 
Tracing Paper Thin Layer 0.776 0.764 0.98 
Bank Paper Thick Layer 0.223 0.208 0.93 
Bank Paper Thin Layer 0.255 0.246 0.97 
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papers were faced with a highly polished transparent film to simulate the polished 
surfaces of most opal diffusing materials. A matt black mask with a 0.5-in. diameter 
aperture was placed in front of the cell, a specimen inserted between the mask and 
the cell and the apparent transmission factor determined. A second black mask with 
a slightly larger aperture was then inserted between the specimen and the cell. The 
apertures were carefully aligned and the apparent transmission factor again measured. 
With this second mask in position the light reflected from the cell was absorbed by 
the black surface of the mask so eliminating the reflection error. The results of the 
two determinations are shown in Table 2 and indicate an error of several per cent., 
the magnitude varying with the reflection factor of the cell and the diffusion and 
reflection factors of the specimen. 


(3.1.4) Discussion 


The tests described above indicate that not only are errors of several per cent. 
inherent in this method of measuring transmission factor, but that it is difficult both 
to isolate and correct the errors. Many of the purposes for which an apparatus of 
this type is used do not, however, demand that the quantities measured shall be the 
transmission factors, provided that they can be related to the latter by appropriate 
constants. It was therefore decided to design an apparatus to fulfil the operational 
requirements and to derive overall correction factors which would reduce the values* 
obtained to the transmission factors as measured on the laboratory apparatus. By 
selecting suitable cells and standardising the design it was thought possible that the 
same correction factors could be applied to different sets of apparatus. Four units 
have been constructed to the design described in the next section and their performance 
assessed in terms of measurements made on the laboratory apparatus. 

(3.2) Design of Apparatus 
(3.2.1) General Arrangement 

The general arrangement of the apparatus is shown in Figs. 6 and 7. The lamp 
is mounted at one end of a screening tube lined with black flock and the photo-cell 
is located at the other end of this tube. A circular diaphragm is positioned in front 
of the photo-cell and the specimen to be measured is inserted between the diaphragm 
and the cell. A hinged screening box encloses the photo-cell assembly and enables 
measurements to be made in full room light. The optical assembly is mounted on a 
housing which contains the associated electrical and measuring equipment. 

(3.2.2.) Lamp and Lamp Control Circuit 

It is necessary that an apparatus of this type which may be used in factories 

should perform satisfactorily when operating on normal mains supply. Stability of 
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Fig. 6. Layout of routine 
apparatus for measurement 
of transmission factor. 
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* For this reason the quantities measured on this apparatus are referred to ‘as ‘* apparent transmission 
factors’? in the subsequent sections of the paper. 
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Fig. 7. General 
view of routine 
apparatus. 





the lamp current is essential, and as battery supplies are inconvenient the performance 
of a commercial constant voltage transformer was investigated. It was found that 
by operating the transformer at two thirds of its full rating the voltage across the 
lamp could be controlled to within +0.1 per cent. for short periods. 

Various lamps were tested for light output stability. All normal types may suffer 
from variations caused by turns of the filament touching each other and the lamp 
finally adopted was a special sub-standard with widely spaced filament turns. Rated 
at 100 watts at 115 volts, the lamp is supplied directly from the 150-watt 110-volt 
constant voltage transformer; the light output of the lamp becomes stable a few 
minutes after switching on. At this loading the transformer has a negative charac- 
teristic, a fall in input voltage consequently resulting in a rise in output voltage. 


(3.2.3) Mounting of Photo-cell and Specimen 

The photo-cell holder is clamped in a ring supported by three rods and springs 
which allow the cell to be moved away from the end of the screening tube when the 
specimen is to be inserted. This spring mounting ensures that during measurement 
the specimen is held firmly between the front of the cell holder and the diaphragm. 
Experiment showed that very small variations in the distance between the specimen 
surface and the front surface of the cell affected the results significantly, and photo- 
cell holders were designed to set the specimen at a constant and minimum distance 
from the cell. The screws on the rods behind the back-plate set the distance of the 
cell from the diaphragm for taking readings with the specimens removed. From the 
results of tests such as those described in Section 3.1.1., a diaphragm aperture of 
0.5 in. was chosen. 


(3.2.4) Photometer 

To obtain a linear response from the cell over the working range of cell illumination, 
the basic Campbell-Freeth circuit is used in which the photo-cell operates under 
effectively short-circuit conditions reducing to a minimum variations in cell output 
caused by changes in temperature and humidity. Details of the circuit are shown ‘n 
Fig. 8. The photo-current develops a voltage across the resistance R which is balanced 
by a voltage from the potentiometer P. When the circuit is in balance the centre 
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zero reading galvanometer G registers zero. The potentiometer balancing voltage is a 
measure of the photo-current, and if the potentiometer has a linear scale it is 
possible to use this as the measure of photo-current. The accuracy of measurement 
required necessitates an extended scale for the potentiometer; a helical type giving 
ten complete turns from zero to full resistance has been found satisfactory. 

An industrial type dry battery supplies current to the potentiometer; another 
helical potentiometer is used as a series rheostat. Switches connect the photo-cell 
circuit either to the slide or across the whole resistance of the potentiometer. When 
both switches are in the “ off ” position the galvanometer is short-circuited for protection. 

The galvanometer has a periodic time of 1 sec., and with a sensitivity of 1 mm. 
scale deflection representing 0.05 per cent. at 100 per cent. it can be set quickly and 
accurately. 


(3.3) Procedure 

The apparatus is allowed to stabilise for 15 minutes after switching on. 

With no specimen in position the switch S1 is closed and the circuit balanced by 
means of the rheostat. This adjusts the circuit so that a full scale reading of the 
potentiometer corresponds to a transmission value of 100 per cent. The specimen is 
inserted, S1 opened, S2 closed and the potentiometer adjusted until the circuit balance 
is restored. The potentiometer reading gives the apparent transmission factor of the 
specimen. 


(3.4) Results and Discussion of Performance 
(3.4.1) Precision 

The typical results given in Table 3, taken from a comprehensive series of tests, 
indicate a precision better than + 0.5 per cent. 


Table 3 


Precision of Routine Apparatus 

















Specimen Apparent Transmission Factor 

Material Number 

Test 1 Test 2 Test 3 Test 4 Mean 

Opal 030 | 0.789 0.789 0.791 0.789 0.789 

2 0.796 0.796 0.795 0.796 0.796 

3 0.787 0.787 0.786 0.786 0.787 

Opal 040 1 0.550 0.551 0.549 0.550 0.550 

2 0.545 0.545 0.545 0.540 0.544 

3 0.560 0.561 0.561 0.561 0.561 























(3.4.2) Agreement between Different Sets of Apparatus 
The probable variation in values obtained using different sets of apparatus built 
to the same specification is an important factor of the problem. Four instruments 
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for use in different factories were constructed to the same design from standard com. 
ponents, the lamps and photo-cells being selected from batches. To assess the variation 
between the instruments, the apparent transmission factors of five samples each oj 
Opals 030 and 040 were measured on each apparatus; the results are given in Table 4. 
Again general agreement is very good, the differences between corresponding values 
being less than + 1 percent. The greater variation in results with Opal 040 compared 
with Opal 030 derives from the greater diffusion and reflection factors of this material 
—dquantities which affect the three errors discussed earlier. The order in which the 
results stand for the four sets of apparatus is consistent for different specimens of 
the same material, but this order changes with change in material, indicating again a 
consistent variation related to the characteristics of the material being tested and to 
the characteristics of the photo-cell. 


Table 4 


Variation Between Different Sets of Routine Apparatus 




















; oan | Apparent Transmission Factor 
Material | qpecemen 
Humber | App. 1 | App.2 | App.3 | App. 4 
Opal 030 | 0.789 0.785 0.785 0.784 | 
2 | 0.796 0.792 0.793 0.792 | 
3 | 0.787 0.783 0.783 0.782 | 
4 0.795 0.791 0.792 0.790 
5 0.796 0.792 0.791 0.791 
Opal 040 1 0.550 0.558 0.556 0.553 
2 0.548 0.557 0.553 0.550 
| 3 0.544 0.551 0.552 0.545 
| 4 0.561 0.567 | 0.567 | 0.562 
| 5 | 0.559 0.567 0.566 | 0.560 











(3.4.3) Comparison between Laboratory and Routine Apparatus. 

The apparent transmission factors of five samples each of Opals 030, 040 and 028 
were measured on the four sets of routine apparatus and compared with the 
corresponding transmission factors determined on the laboratory instrument. The 
results showed that the routine apparatus gave values higher than the transmission 
factors, the difference increasing with increase in opacity of the material. The mean 
correction factors calculated for each grade of material were 0.993 for Opal 030, 
0.957 for Opal 040 and 0.945 for Opal 028. When these mean factors were applied 
to the individual results, the differences between the calculated and measured transmis- 
sion factors did not exceed + 1.5 per cent. Use of a single mean factor (0.965) for all 
materials increased the range of difference to + 4 per cent. For many purposes, there- 
fore, it will be necessary to use factors individual to the particular material. 


(3.4.4) Service Performance. 

The four sets of apparatus have now been in service for several months at factories 
manufacturing opal acrylic sheet. Their performance has been ‘consistent and their 
operation rapid, simple and largely trouble free. 


(4) Conclusions 


With an increasing number of new, competitive diffusing materials now being 
produced, agreement on methods for measuring transmission factor is very desirable. 
The two types of apparatus described in this paper satisfy the requirements for 
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n- } laboratory and routine measurements on white materials, and the operational procedures 
on — have been shown to give results of acceptable precision. 
of The accuracy of transmission factor measurements, i.e., the relationship between 
4, — the quantity as defined and the quantity as measured, still remains to be investigated. 
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